The Expanded Very Large Array (EVLA) is an international project to improve the scientific capabilities of the Very Large Array (VLA), an aperture synthesis radio telescope consisting of 27, 25-meter diameter antennas distributed in a Y-shaped configuration on the Plains of San Augustin in west-central New Mexico. The EVLA's major science themes include measuring the strength and topology of magnetic fields, enabling unbiased surveys and imaging of dust-shrouded objects that are obscured at other wavelengths, enabling rapid response to and imaging of rapidly evolving transient sources, and tracking the formation and evolution of objects in the universe. The EVLA's primary technical elements include new or upgraded receivers for continuous frequency coverage from 1 to 50 GHz, new local oscillator, intermediate frequency, and wide bandwidth data transmission systems to carry signals with 16 GHz total bandwidth from each antenna, and a new digital correlator with the capability to process this bandwidth with an unprecedented number of frequency channels for an imaging array. The project also includes a new monitor and control system and new software that will provide telescope ease of use. The project was started in 2001 and is on schedule and within budget. Scientific observations with the new correlator started in March 2010. The structural modifications that convert the VLA antennas to the EVLA design were completed in May 2010. The project will be complete in December 2012 when the last receiver will be installed on an antenna.
INTRODUCTION
The Very Large Array (VLA) is an imaging array located on the plains of San Augustin in west-central New Mexico. It consists of a total of 27 antennas, each 25 meters in diameter, with nine antennas distributed along each of three equiangular arms extending out to 21 km from the center. The array provides diffraction-limited images of astronomical objects in all Stokes parameters, with a maximum resolution at 1.4 GHz of 1.4 arcseconds, and at 45 GHz of 0.05 arcseconds. Detailed descriptions of the VLA can be found elsewhere. 1, 2 The Expanded Very Large Array (EVLA) project is a comprehensive technical upgrade of the VLA. It is a leveraged project: by utilizing relatively inexpensive modern digital electronics, and building on the existing infrastructure of the VLA, the EVLA will advance by one to four orders of magnitude all the imaging capabilities of the VLA at modest cost and in a time short compared to that needed to design and build a new facility. A detailed description of the EVLA has been published 3 .
The technical requirements for the EVLA are based on a comprehensive review of the potential science enabled by order of magnitude, or greater, improvements over existing VLA capabilities. There are four major science themes for the EVLA:
• The Magnetic Universe: Measuring the strength and topology of magnetic fields,
• The Obscured Universe: Enabling unbiased surveys, and imaging of dust-shrouded objects which are obscured at other wavelengths, • The Transient Universe: Enabling rapid response to, and imaging of, rapidly evolving transient sources, and
• The Evolving Universe: Tracking the formation and evolution of objects in our universe, ranging from stars to spiral galaxies and galactic nuclei.
The EVLA project was started in 2001. Observations wit h the new correlator began in March 2010, and the conversion of the VLA antennas to the EVLA design was completed in May 2010. The entire project will be complete in December 2012 when the last receiver will be installed on an antenna. The project is funded by the National Science Foundation of the United States of America, the National Research Council of Canada, and the Consejo Nacional de Ciencia y Tecnologia of Mexico.
SYSTEM OVERVIEW
The primary technical requirements for the EVLA that were determined from the instrument's scientific goals are:
• New or upgraded receivers at the Cassegrain focus of the antennas providing continuous frequency coverage from 1 to 50 GHz in 8 frequency bands (see Table 1 ).
• A new, wide bandwidth, fiber optic data transmission system, including associated local oscillator (LO) and intermediate frequency (IF) electronics, to carry signals with 16 GHz total bandwidth from each antenna to the correlator.
• New electronics to process 8 signal channels of up to 2 GHz bandwidth each.
• A new, wide bandwidth, full polarization correlator providing at least 16,384 spectral channels per antenna pair (baseline). The correlator provides full polarization capability for four polarization pairs of input signals of up to 2 GHz bandwidth each.
• A new real-time control system for the array and new monitor and control hardware for the electronics system.
• New high-level software that will provide ease of use of the EVLA to its users.
The details of EVLA subsystems are provided in the sections below, but here we note that six top-level constraints influenced the design of the EVLA sub-systems:
• New systems must have a compatibility mode which allows continued observations with them during the transition period when the old VLA systems are still in use. This constraint particularly impacted the monitor and control software which had to be compatible with the original Modcomp computer-based system of the VLA and the new digital data transmission system which had to provide a means of re-generating the four, narrow band, IF signals required by the VLA correlator.
• New systems must be designed to work with those parts of the old system which were to be re-used. The dominant impact here was on the feed and receiver subsystems where the decision to re-use the VLA antennas and their optics forced the new feeds to be designed for the existing subreflector illumination angle of 18 o (full angle).
• The old analog IF transmission system was replaced with a digital IF transmission system in order to provide improved bandpass stability as well as an increased bandwidth. The bandwidth required to provide digital transmission of 16 GHz of bandwidth per antenna required the replacement of the original VLA waveguide system with fiber optics.
• A design to minimize the impact of radio frequency interference (RFI) was particularly important for two reasons. The decision to digitize the IF signals at the antenna placed a large amount of high-power, high-speed digital circuitry very close to the high sensitivity receivers. Consequently, the feeds and receivers were designed with shielding against RFI coming from within the receiver cabin, and the electronics modules of the monitor and control, IF, LO and digital transmission systems used components designed to minimize RFI. These components were located inside custom-built, RFI-tight enclosures. Additionally, the requirement to have continuous frequency coverage in the receivers from 1 to 50 GHz meant that the signals from a number of strong sources of external RFI, such as radars and communication satellites, are present in some of the receiver bands requiring a design to minimize the impact of external RFI. Measures taken here included high headroom in the receiver chains, up to 8 bits of resolution in the IF digitizers, the provision of high spectral dynamic range in the correlator, and the option to include narrowband stop filters in the RF.
• The software must all be loosely coupled, allowing access to all the separate subsystems without interdependencies between them, so that the entire system can continue to function although a particular subsystem may not be functioning.
• Information flow in the software system must occur with as little human intervention as possible, to facilitate ease of use for users, to minimize the manpower required to operate the system, and to minimize errors in data transcription by people.
MAJOR SUBSYSTEMS

Front End Systems
The 1-50 GHz continuous frequency coverage of the EVLA is an increase of almost a factor of five over the coverage provided by the VLA and is broken up into the eight receiver bands shown in Table 1 . The table also lists the goals for system temperature, antenna aperture efficiency, and effective system temperature. The components that make up the front end receiving systems are described below. A new feed cone at the secondary focus of the antenna was designed to accommodate the eight feed horns and receivers. All the feeds are located near the vertex of the primary reflector on a circle of radius 97.54 cm centered on the reflector axis. An offset Cassegrain geometry is used so that the secondary focus lies on this circle. Changes in observing band are made by rotating the subreflector to redirect the reflected radiation to the desired feed horn. The octave bandwidth feeds for L, S and C-bands use compact profile corrugated horns. 4, 5 For the higher frequency bands (X, Ku, K, Ka and Qbands), the feed designs are based on corrugated horns with a linear taper. 6 The EVLA project requires 240 new or upgraded receivers in total (8 receiver bands for 28 antennas and 2 spares). Existing VLA K and Q-band systems were upgraded with the latest low-noise cryogenic amplifiers and a new, broadband, RF/IF downconverter scheme to provide bandwidths up to 8 GHz. The new L, C, X and Ku-band receivers replace older VLA systems which were both narrowband and less sensitive. The S and Ka-band receivers are brand new systems.
All of the receivers accept dual, circularly polarized, signals. The L, S, C, and X-band systems use quad-ridged orthomode transducers (OMTs) to separate the orthogonal linearly polarized components of the signal. 7 The design of an OMT with an octave bandwidth, a return loss better than -15 dB and which contains no trapped-mode bandpass features was a challenging development effort. For the Ku, K and Ka-bands, the circular polarizers are pure waveguide devices. They use a corrugated, waveguide phase-shifter 8 followed by a twofold-symmetric, orthomode junction. 9 The phaseshifter provides the 90º phase-shift required to convert circular into linear polarization and typically has less than a ±5º phase error across the band. For the Q-band receiver with its relatively narrow bandwidth ratio (25%), the circular polarizations are extracted with a commercially-available, sloping septum polarizer.
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There are nine different types of low-noise amplifiers (LNAs) used in the EVLA receivers, all of which were designed and built by the NRAO's Central Development Laboratory. [11] [12] [13] The primary active elements in the amplifiers are indium phosphide, heterostructure, field effect transistors (InP HFETs).
Intermediate Frequency System
The EVLA IF system consists of three primary signal paths: one for the higher frequency bands (Ku, K, Ka and Q), one for the lower frequency bands (L, S and C), and one for X-band. All bands except X are converted to a common IF in the frequency range of 7.5-12. 
Local Oscillator System
The EVLA LO system is based on 128 MHz and 512 MHz master reference signals, both from a crystal oscillator locked to a hydrogen maser and a 1 Hz, GPS-based, master timing signal. These signals are used to generate all other reference and timing information used by the EVLA system. With the exception of the maser, the master reference system is fully redundant to ensure high reliability and continued operations during maintenance.
Reference signals are distributed to an antenna over a single mode, fiber optic cable operating at the 1310 nm zerodispersion wavelength. The reference signal consists of a 512 MHz sine wave with a phase inversion of 60 ns duration occurring once every 10 seconds as a timing reference. Absolute time is passed to the central and antenna electronics using the network time protocol (NTP) over the gigabit Ethernet employed by the EVLA's monitor and control system. Precise time is obtained in the antenna by synchronizing the NTP time with the timing signals in the local electronics.
Data Transmission System
The EVLA data transmission system (DTS) digitizes the IF signals at the antennas and transmits them to the correlator located in the central control building. The DTS consists of a formatter module in the antenna, optical fibers between the antenna and the control building, and deformatters in the control building. The deformatters also include signal processing circuitry and digitial-to-analog converters to allow the digital data produced by the EVLA antennas to be processed by the analog inputs to the existing VLA correlator during the transition period.
The data path from the antenna to the control building can be summarized as follows. An EVLA receiver can provide an instantaneous bandwidth of up to 8 GHz in each of two polarizations. The receiver output is partitioned into eight, 2 GHz wide, IF bands by the LO-IF system. Each IF band can be sampled with 4 GHz samplers at 3 bit resolution. Alternatively, the IF bands can be limited to 1 GHz bandwidth and sampled with a single, 2 GHz, 8 bit device for observations with a high dynamic range in the input signals. This latter configuration is normally used for observations at L, S, and C-bands. The digitizers incorporate a de-multiplexer that reduces the data rate to 512 Mbps on a parallel data path. A formatter receives the data from the digitizers and prepares them for shared transmission over three OC-192 fiber optic links at 10 Gbps each. The deformatter in the control building receives the three fiber optic signals and reorganizes the data into a format that is recognized by the new EVLA correlator.
Correlator
The EVLA "WIDAR" (Wideband Interferometer Digital Architecture) correlator is the final destination for all of the real-time wideband signals carefully collected, down-converted, and sampled by all of the antennas. It calculates the cross-correlation function for every pair of antennas (baseline) in the array. This is no small feat considering the number of antennas in the EVLA (27), the bandwidths observed (16 GHz per antenna), and the 10 3 to 10 6 spectral channels needed per baseline.
The correlator is fundamentally an "XF"-type correlator, which cross-multiplies data from different antennas prior to the Fourier transformation to the frequency domain, as opposed to an FX correlator where the Fourier transformation precedes the cross-multiplication. More details on the fundamental signal processing for WIDAR are described elsewhere 14 . The correlator is sometimes referred to as an "FXF" style correlator, wherein the wideband signal is divided into smaller sub-bands with digital filters. Each sub-band is subsequently correlated in time and Fouriertransformed to the frequency domain. The sub-bands can be "stitched" with others to yield the wide-band cross-power result. Aliasing at the sub-band edges is greatly attenuated using offset LOs 14 in the antennas. The LO offsets also perform the equivalent of the Walsh function phase switching that is currently used at the VLA. Frequency offsets are typically 1 kHz, with a minimum of 100 Hz.
The primary feature of the EVLA WIDAR correlator is the large number of independently tunable sub-bands that are produced by digital filters implemented in FPGAs. The correlator is also robust to RFI given its large number of bits per sample and its filter reject-band attenuation. Each sub-band is tunable in location and bandwidth within the 2 GHz-wide basebands of the EVLA and can be assigned a flexible number of spectral channels. Tradeoffs can be made for bandwidth, number of spectral channels per sub-band, and field-of-view on the sky. The sub-band reject-band attenuation is better than 60 dB. 16K to 4M spectral channels can be produced per baseline, and the expandable 32-antenna correlator can process 496 baselines, each with 16 GHz total bandwidth.
Software
The new hardware of the EVLA requires much more software to control it, and because the instrument is so much more capable than the VLA, the control and user software is necessarily more complex. While more complex, the intent of the new software in the end is to make the process of observing with the EVLA much more accessible to the astronomer who is not necessarily intimately familiar with the theory and techniques of radio interferometry. The EVLA software is divided into two major areas: the control and monitoring of the hardware, or Monitor and Control (M&C), and the software generally accessed by the user, or User Software.
The EVLA monitor and control software design concept is a highly distributed, loosely coupled system, which means that if a particular subsystem is not functioning, the rest of the system can continue to run. Most hardware modules contain a fairly capable, single board computer system, the Monitor/ Control Interface Board, or MIB. The MIBs receive commands via datagram (under the UDP protocol) from the central system, and send monitor data by datagram to a central location, which archives it in a general purpose database. There are six central elements of the overall control system:
• The software on the MIBs themselves, which makes the individual modules within the system rather intelligent.
• The observing general manager, called the Executor. The Executor contains a set of objects which are in one-toone correspondence with the physical antennas. These objects are the mechanism by which all commands are sent to the MIBs in the antennas, and contain the code which converts a more generic description of the desired observation setup into commands to the MIBs associated with the antenna. The Executor operates on scripts, which allows for full scripting control by the observation setup software or astronomer.
• The software that receives broadcast monitor data from the MIBs and elsewhere. It stores data in a general purpose database. Web-based retrieval tools are provided to extract and list or plot the data. There are about 300 monitor points on each antenna, and about 6 million rows per day are stored in the database.
• The alert server receives the alerts generated by the MIBs and other parts of the system and classifies them according to degree of severity.
• The Metadata Capture And Format (MCAF) software annotates data with the system state and setup. It gets data from the Executor, from the alerts-server (for information about whether data is valid for each antenna), and from other parts of the system.
• Telcal is the software that analyses output data in real-time to correct antenna pointing and to solve for antenna phases for use of the EVLA as a VLBI element by coherently summing the signals from the antennas. It is also very useful to have it report system sensitivities during observations of calibrator sources as a general, telescope operator-accessible indication of the system health.
The EVLA user software encompasses all software that the user directly interacts with, as well as software that impacts the scientific output of the instrument. The user software is designed to be easy to use, with modern graphical user interfaces where needed. The user software, like the M&C software, is designed to be modular, so that major subsystems do not depend on each other to run. There are five main subsystems of the user software:
• The Proposal Submission Tool (PST) is used to create, edit, submit, and handle observing proposals.
• The Observation Preparation Tool (OPT) is used to create observing scripts which give the details of sources to be observed, the instrumental setups, and timing information.
• The Observation Scheduling Tool (OST) is used to determine which of all possible observing scripts available for observing should actually be observed at a given point in time. This tool takes into account the scientific priority of the scripts, the required and current observing conditions, and other constraints.
• The Archive Access Tool (AAT) is used to access data in the scientific archive. This tool allows scientists to find their own proprietary data, or other public data, given any of various search criteria.
• The data post-processing software. This software element takes the fundamental measured interferometric quantity, the visibilities, and processes them into final images or spectra. It includes data editing, flagging, calibration, and imaging, including self-calibration. All observations done in standard modes will be pipeline processed and the results placed in the archive along with the raw and calibrated visibility data.
SUMMARY
The EVLA is a major expansion to the highly flexible and productive VLA. The expansion includes new or upgraded receivers that enable continuous frequency coverage from 1 to 50 GHz, a new broadband LO/IF system, a new fiber optic-based data transmission system, a new correlator to process the wideband data, a new monitor and control system, and new software that provides telescope ease of use. The expansion provides order of magnitude, or greater, improvements over existing capabilities with the VLA. Observations with the VLA have been ongoing as the expansion has progressed. The project is scheduled for completion in 2012. The expansion will enable new investigations into celestial radio transients, the evolution of objects in the universe, and the structure and strength of celestial magnetic fields.
